Abstract. Mineral fines are a waste product of aggregate production in quarries and asphalt mixing plants. The incorporation of mineral gabbro dust into foam bitumen causes developing of a mesh reinforcement in the recycled base mixture. This mesh reinforcement, observed in a recycled base structure, induces an increase in stiffness modulus, where its elastic part of complex modulus dominates over the imaginary part. Therefore, it is possible to create a recycled mixture with a lower susceptibility to loading time/temperature. In result, the presence of gabbro dust in recycled mixture limits the magnitude of strains induced by the traffic load. This paper presents the results of the tests carried out on the mineral dusts derived from gabbro rock. Structural and functional properties of the fines were determined to prepare their characteristics. Then, the cold recycled mixtures for the road base were designed with the 5-20% mineral fines content. The mixtures were prepared in cold recycling technology with foamed bitumen. Further tests involved determining mechanical and physical properties of the recycled mixes, including air voids content, Marshall stability, Marshall quotient (stiffness), indirect tensile strength and stiffness modulus at 20°C). The results indicated a positive influence of the gabbro dusts on the investigated parameters. With the use of ANOVA tests, the significance of the influence of the gabbro dust and foamed bitumen on these properties was evaluated. Harrington's multicriteria method was employed to establish gabbro dust and foamed bitumen amounts, the addition of which would guarantee optimal properties of the recycled base mixture.
Introduction
The disposal, or utilization of the fines generated in industrial processes is difficult due to different grain size of the fines and their different chemical properties. In the past, the disposal of power plant fly ash produced from coal combustion was a major challenge for environmentalists and scientists. This problem has been addressed in numerous studies [1] [2] [3] [4] . Recently, much attention has been paid to the utilization of mineral fines generated during the production of aggregates and the mixing of asphalt materials.
Dynamic development of road networks in Poland has increased a demand for high quality aggregate to be used in the production of pavement structural layers. One of the quality parameters to be taken into account is the reduced content of mineral dust. Its high content has a negative effect on the bitumen adhesion to the mineral grains, thus affecting the quality of the structural layers. According to the requirements set by [5] and [6] , the amount of dust (particles smaller than 0.063 mm) in the aggregate intended for wearing, binder and base courses should be within the range from 2 to 16%, depending on the aggregate fraction. The maximum allowable content of mineral dust, characteristic of fine aggregate with 0-2 mm or 4 mm grain size, is 16% (f 16 ). To ensure the critical limits of dust content, construction aggregate plants wash the aggregate, or (rarely) collect dust through dust extraction CIVIL ENGINEERING M. Iwański, P. Buczyński, and G. Mazurek than that applied in the commonly used mineral-cement-emulsion mixtures [13, 14] . In addition, a high content of fine fractions, present in the recycled mix with foamed bitumen, has been found to improve its quality, as the fine particles are bound by foamed bitumen, creating its internal structure, and ensuring a high quality of the recycled material [15, 16] .
Materials
The tests aimed to evaluate the use of mineral dust in the deep cold recycling with foamed bitumen were carried out on the fines derived from gabbro rock (G), produced in the process of dust extraction from aggregates during a drying operation, performed in an asphalt mix manufacturing facility. Owing to their good mechanical parameters, aggregates of this type are very often used to produce asphalt paving mixes for wearing courses. Gabbro dust is also produced as a result of washing the aggregate in the quarry. To identify the mineral fines, their basic structural and functional properties had to be determined [17] .
Structural characteristics can be defined as a reflection of the fines' internal design, in other words, the distribution of their components (solid, liquid, and gaseous phases). The following structural characteristics were determined in the tests: gradation, specific surface (PW), clay content (MBF), and air void content (AVR).
Functional properties include a group of characteristics associated with the behavior and interaction of mineral fines in pastes. Bitumen absorption of mineral fillers (fines) is one of the basic functional properties. Another property, the pH number, is determined to identify acidity levels of the fillers. The results of the tests evaluating the structural characteristics of the gabbro dust are presented in Fig. 1 .
The results of analysis of structural characteristics ( Fig. 1) indicate that gabbro dusts have a large specific surface (P w = 4 709 cm 2 /g) according to [18] , which will have a significant impact on the quality of the recycled mix. The value of the specific surface was determined from the degree of fineness. The value of MBF [19] , i.e. the clay content in the material, indicates that the fines derived from the gabbro rock have low concentrations of clay minerals (MBF = 3.3), thus having a beneficial effect on the bitumen adhesion to the mineral mixture in the process of the recycled mix production.
The air void content AVR [20] of dry compacted gabbro dust was ranging approximately from 56.4% to 57.2% (at a significant level of 0.05), which ensures that the fines will be properly coated by the bitumen.
The analysis of the photographs of the gabbro fines, obtained using the spraying method and a scanning microscope, The use of gabbro dust in the cold recycling of asphalt paving mixes with foamed bitumen The bitumen number, described by the gabbro dust viscosity level at a specified amount of water [21] , indicates a medium level of this parameter (BN = 27.6). The pH number greater than 7 indicates the alkaline character of the gabbro dust. The results confirm the fact that the investigated gabbros were derived from the crushed rock and did not contain any detrimental additions. The functional properties will thus favorably affect the recycled asphalt mixture by improving the bonding between the bitumen and the aggregate grains.
The quality of the binder is a critical factor. The requirement that has to be satisfied in deep cold recycling with foamed bitumen is the use of a bitumen with an adequate expansion coefficient (WE) and a proper half-life (t1/2) of the foam [22] . The bitumen used in this study, denoted as 80N (Fig. 4) , was selected on the basis of the values determined at the Kielce University of Technology [23] . The 80N bitumen had the most beneficial foaming parameters (described in detail in [23] ), with the expansion ratio of WE = 15.1 and the half-life of the foam t½ = 14.4s.
Methodology
To evaluate the suitability of the gabbro dust for the purposes of deep cold recycling with foamed bitumen, four paving mineral mixtures were designed to the requirements of [13] , based on the optimal grading curve. All conducted tests were related to laboratory tests. Their results were the first step designated for planned field tests where deep cold recycling with foamed bitumen mixture with mineral dust was applied.
The design assumed the use of a maximum amount of the existing road material, and the maximum allowable amount of mineral dust. The mineral mixture of the recycled base course comprised 50-65% reclaimed asphalt millings from structural layers, 30% aggregates with grain size up to 31.5 mm from the existing base course made of mechanically stabilized aggregate, and 5%, 10%, 15,% and 20% of mineral dust (gabbro) for grafacilitates the evaluation of their gradation (Fig. 2) . Mineral fines from gabbros usually range from 0.02-0.063 mm in size.
Determining the functional properties of mineral gabbro fines was the next step in the investigations (Fig. 3) . Functional properties have a significant formative impact on the parameters of the bituminous composite.
M. Iwański, P. Buczyński, and G. Mazurek dation improvement (Fig. 5 ). Foamed bitumen 80N was used as a binder in the amounts of 3.0%, 3.5%, 4.0,% and 4.5%, and cement was added in the amount of 1.5%. Final composition of the recycled base is shown in Table 1 . Table 1 Constituents of the recycled base layer with foamed bitumen The grading curves of the mineral mixture for different contents of the gabbro dust are similar, starting in the regions of 4 mm fractions and up. For smaller fractions, the curves have varied plots, as a result of different amounts of the gabbro dust used.
To evaluate the effect of mineral dust on the properties of the recycled base course mineral mixtures with foamed bitumen, the testing program [13 24 ] was developed to determine:
• Air voids content, V m [%] , to the requirements of [25] . The testing program was implemented based on the experimental design with two factors, each on four levels. One of the main aims was to find a mathematical model that would explain the relationship between the output variable "y" and input variables "X i " using a general formula. The results of the analysis [29] [30] [31] allowed for assuming that the most adequate model for this particular case was (1), represented as:
To evaluate the effect of mineral dust on the properties of the recy course mineral mixtures with foamed bitumen, the testing program (Wirtgen, C-E, 1999) was developed to determine: The testing program was implemented based on the experimental de two factors each on four levels. One of the main aims was to find a mathemat that would explain the relationship between the output variable "y" and inpu "X i " using a general formula. The results of the analysis (Montgomery, 2001 assuming that the most adequate model for this particular case was the eq represented as:
The response surface of this model is a second degree polynomial (2) be expressed as the following equation (Piasta & Lenarcik, 1998) :
where: The testing program was implemented based on the experimental design with two factors each on four levels. One of the main aims was to find a mathematical model that would explain the relationship between the output variable "y" and input variables "X i " using a general formula. The results of the analysis (Montgomery, 2001 ) allowed assuming that the most adequate model for this particular case was the equation (1) represented as:
( 1) The response surface of this model is a second degree polynomial (2) which can be expressed as the following equation (Piasta & Lenarcik, 1998 
where: .
The response surface of this model is a second-degree polynomial (2), which can be expressed as the following equation [32, 33] :
To evaluate the effect of mineral dust on the prope course mineral mixtures with foamed bitumen, the testing pro C-E, 1999) was developed to determine: The testing program was implemented based on the experimental design with two factors each on four levels. One of the main aims was to find a mathematical model that would explain the relationship between the output variable "y" and input variables "X i " using a general formula. The results of the analysis (Montgomery, 2001 ) allowed assuming that the most adequate model for this particular case was the equation (1) represented as:
The response surface of this model is a second degree polynomial (2) which can be expressed as the following equation (Piasta & Lenarcik, 1998 
where:
where: The use of gabbro dust in the cold recycling of asphalt paving mixes with foamed bitumen A graphical representation of the experimental domain is presented in Fig. 6 .
A utility function was used to determine the optimum amount of gabbro dust and foamed bitumen in the recycled mixture.
Results
The dependence of the recycled mixture properties V m , S, Sz, ITS, E 20°C on the amount of gabbro dust and foamed bitumen was evaluated using the models developed based on (2). The basic parameter that characterizes the properties of the recycled asphalt mixture is the air void content. This parameter has a considerable influence on the mechanical properties of the mixture, and on its resistance to the action of water. Statistical analysis software (General regression models module) was used to determine the parameter describing its relationship with the amount of gabbro dust and foamed bitumen in the recycled asphalt mixture (Table 2) . Using the regression approach in the analysis, the bolded values in the table indicate that a given factor is significant (foamed bitumen) at the significance level of 0.05 for the air void content in the recycled material. It can be said that there is a strong influence of the foamed bitumen on void content parameter, with respect to the void fraction content parameter.
A graphical illustration of the model for the influence of the gabbro dust and foamed bitumen on the amount of air voids V m in the recycled mixture is presented in Fig. 7 .
Analysis of void space indicates its increase with the increase in the amount of mineral dust in the recycled base course mixtures. Theoretically, the values of this parameter should decrease as the increased concentration of the fines provides greater packing in the blend. Most probably, the bitumen absorption capacity of mineral dust affects this relationship. The higher dust content in the recycled mixture causes the aggregation of air inside the dust structure and increases the amount of air voids in the base course. The study results for this parameter correspond to the results of the mineral dust characteristics determined theoretically (Fig. 7) . The gabbro dust content turned out to be insignificant, but it does not mean that it should be omitted in the regression model.
The evaluation of the significance of the influence of the variables (gabbro dust, foamed bitumen) on air voids content included the ANOVA test (Table 3) . Analysis of the statistical parameters summarized in Table 3 indicates that at the significance level p-value = 0.05, the significant influence on the content of air voids V m in the base course recycled mixture with foamed bitumen is emphasized by effects of the gabbro dust content (p-value < 0.05) and foamed bitumen content (p-value = 0.020).
Marshall stability is an important mechanical parameter that reflects the resistance of a mixture to permanent deformation. Table 4 presents the values of the coefficients in the model representing the influence of the gabbro dust and foamed bitumen on this property. Table 4 Experimental coefficients for S of the recycled mixture The response surface for this model is shown in Fig. 8 . Analysis of the results presented in Fig. 9 shows that Marshall stability increases with an increasing amount of gabbro dust in the mixture. At 15% of the gabbro dust content, the stability of the mixture has a very high value of more than 15 kN. The increase in the foamed bitumen content is favorable, though its impact intensity is less significant than that of the gabbro fines. It increases both factors and enhances the stability parameter of the cold recycled mixture. The ANOVA analysis (Table 5 ) confirms these relations.
The gabbro dust content has a significant effect on the Marshall stability of the mix, because p-value = 0.00651, i.e. it is lower than the assumed significance level where p-value •0.05. It can also be said that the effect of the foamed bitumen content invoked a significant influence on Stability (S) parameter (p-value = 0.0178). 
The use of gabbro dust in the cold recycling of asphalt paving mixes with foamed bitumen
The Marshall stiffness Sz allows for determining the resistance of the recycled base mix to permanent deformation. This parameter expresses the deformation of the recycled material in relation to its stability. The values of experimental coefficients of the model built using Statistica software are summarized in Table 6 .
The model for the influence of the amounts of gabbro dust and foamed bitumen revealed a significant influence of some components in the full model. There is a strong influence of non-linear component represented by gabbro dust amount and the interaction between the amounts of gabbro dust and foamed bitumen.
The response surface of the model for the relationship between the contents of gabbro dust and foamed bitumen, and the Marshall quotient/stiffness value is presented in Fig. 9 .
Analysis of the results shown in Fig. 9 indicates that the Marshall stiffness increases when the concentration of the gabbro dust increases at high foamed bitumen content. This interaction, however, becomes significant at higher concentrations of these agents (AS > 4.0% and PG > 15%). As mentioned before, an interaction is observed between the foamed bitumen and gabbro dust, in terms of increasing the Marshall stiffness of the recycled base course mixture, which has been confirmed in the analysis of significance, performed using the ANOVA test (Table 7) .
Flexural tensile stresses act on the pavement structure, and thus, it is very important to define this characteristic for the recycled material with gabbro dust and foamed bitumen in the base course. Table 8 compiles the parameters of the model for the effect of gabbro dust and foamed bitumen on the indirect tensile strength ITS of the investigated material. The response surface of the model for the dependence of ITS on the amounts of gabbro dust and foamed bitumen is shown in Fig. 10 .
The evaluation of the ITS study results indicates that all the recycled base course mixtures have reached the recommended value of 500 kPa [24] . It has to be noted that the increased amount of foamed bitumen leads to a rapid increase in the ITS value. The intensity of this process is higher than that with the increased gabbro dust content. Higher amounts of gabbro dust used increase the stiffness modulus of the recycled mixture, and have a detrimental effect on its indirect tensile strength. The highest average value of ITS parameter, approximately 850-900 kPa, has been reached at 5% gabbro dust content and with 4.0% foamed bitumen content. The in-depth statistical analysis of the influence of the investigated factors (amounts of gabbro dust and foamed bitumen) on the ITS value of the recycled mixture was carried out using the significance test in ANOVA (Table 9 ). The analysis of the statistical parameters confirms the positive influence of the foamed bitumen on the indirect tensile strength ITS of the recycled base mix.
Considering that the stiffness modulus at 20°C (E 20°C ) (28), determined at 28 days, is the basic asphalt mix characteristic taken into account in the mechanistic design of the pavement structure thickness, the effect of the gabbro dust on this parameter is critical. The values of experimental coefficients determined in the study, as well as the statistical evaluation results, are presented in Table 10 . The model of the response surface of the recycled mixture in terms of the amounts of gabbro dust and foamed bitumen is presented in Fig. 11 .
The analysis of the study results for the stiffness modulus E 20°C of the recycled mixture indicates that the influence of the foamed bitumen on the stiffness modulus value is significant. The stiffness modulus increases with the high concentration of the gabbro dusts, reaching the value of E 20°C > 5500 MPa. This happened when the dust content in the mixture was within the range from 15 to 20%. An increase in the foamed bitumen content permanently reduces stiffness modulus E 20°C of the mixture. The presence of foamed bitumen brings a plastic behavior.
The statistical analysis of the effect of gabbro dust and foamed bitumen amounts on E 20°C of the recycled mixture was carried out using the significance test in ANOVA (Table 11 ). The analysis of significant factors using ANOVA, (gabbro dusts, foamed bitumen) confirms a fairly significant effect of gabbro dust on the stiffness modulus E 20°C . The p-value = 0.001 is less than the required p-value of 0.05. Foamed bitumen has a significant effect on this parameter as well. A lack of an interaction between the gabbro dust and foamed bitumen in terms of the stiffness modulus has also been confirmed. 
To determine the gabbro dust and foamed bitumen amounts that will provide the optimal properties of the recycled base mixture, Harrington's utility function [34] was used, expressed by (3):
where: y (i) -properties of the recycled mixture with dusts, y L (i) -worst value of the i-th property being investigated, y G (i) -best value of the i-th property being investigated, w i -weights assigned to individual properties y (i) ,
Utility U i III gives a value within the range (0; 1). The numbers close to 0 correspond to particularly disadvantageous values of y (i) , whereas those close to 1 correspond to the most advantageous values. The set of y (i) values which are considered satisfactory is converted into a range from 0.368 to 0.692 [35] .
The optimization process was divided into two steps. The first step was focused on reaching a high stiffness modulus of the recycled mixture. Parameters such as stiffness modulus E 20°C and Marshall stability were set with a double weight in relation to the remaining parameters. The most important stage of the optimization process is to establish a criteria for all parameters. The required ranges, assigned to the criteria of the variables, were constructed based on the information included in [36, 37] . The criteria are summarized in Table 12 . Then, Statistica software was used to calculate the components of the Harrington function for each criterion of the recycled base course mixture (Fig. 12) .
The "good" optimization results, according to Harrington's desirability function, represent values U III greater than 0.63. Based on the analysis results, the gabbro dust quantities from 15% to 20% and foamed bitumen quantities of approximately 3.5% (determined value 3.375%), were found to provide the optimum values of the recycled mixture parameters. Such mixtures will reveal a high stiffness modulus at an acceptable level of void contents (V m ) and indirect strength ratio (ITS).
The second step was focused on highlighting the best results for ITS and V m parameters. For this case, the criteria are as follows (Table 13) , and the distribution of results is presented in Fig. 13 . Statistica software was used to calculate the components of the Harrington function for each criterion of the recycled base course mixture (Fig. 13) .
For this optimization variant, similarly to previous results, the optimal content of foamed bitumen was determined to be in range between 3.5 to 4.0%, and for gabbro dust content to be greater than 15%. It should be noted that for these two optimization steps for achieving the optimal ranges of results, overlapped in the majority. Finally, the optimal amount of foamed bitumen is approximately 3.5%. For such a bitumen content it is possible to apply more that 15% of the gabbro dust. Considered the optimal combination of compounds, it guarantees an increase in whole stiffness of the recycled mixture, as well as an increase in its cohesion. Both factors, at optimal content, can beneficially decrease the plastic strains in subgrade, as it was mentioned in [38] .
Conclusion
The following conclusions can be reached based on the laboratory tests results for determining the relationship between the durability of the recycled asphalt base course mixtures and the amounts of gabbro dust and foamed bitumen added to the blends:
1. For the mineral dusts to be used in cold recycling of pavements with foamed bitumen, it is necessary to identify their structural and functional properties, including the pH number, clay fraction content, and bitumen absorption. 2. The application of gabbro fines differently improves the mechanical characteristics of the recycled base mixture, that is, Marshall stability, Marshall stiffness and indirect tensile strength ITS, highly enhancing the resistance of the pavement structure to permanent deformation. 3. Gabbro dusts provide a higher stiffness modulus (ANO-VA analysis) of the recycled base mixture at 20 0 C, contributing to the reduction in the pavement structural thickness (mechanistic method), retaining its durability. 4. The use of gabbro dust in the cold recycling technology with foamed bitumen will provide the opportunity to utilize considerable quantities of the fines, contributing greatly to proper mineral resources management and environmental protection. 5. The best result, in terms of a high recycled mixture's whole stiffness, was attained at approximately 3.5% foamed bitumen and a gabbro dust content ranging from 15 to 20%. The results obtained from the study indicate a potential for a wide array of applications of mineral fines, in particular those alkaline in character, derived from the dry dust extraction operations conducted at the quarry sites and the asphalt mixing plants, to cold recycling of asphalt mixes with foamed bitumen.
